Abstract: Cancer cells resist some anti-cancer drugs in a hypoxic environment, which is often present in-vivo due to high proliferation rates and inadequate vasculature in dense tumour cores. Oxygen control and measurement are therefore valuable tools in culturing cancer cells in an in-vivo-like microenvironment. We report on the polyvinylpyrrolidone (PVP) treatment of polystyrene (PS)/platinum(II) octaethylporphyrin ketone (PtOEPK) fluorescent oxygen sensor films. This treatment improves cell attachment and subsequent long-term cell culture compared to native PS/PtOEPK sensor films by decreasing the water contact angle of the films to 19 o , whilst sensor sensitivity to oxygen remains high (I 0 /I 100 = 12).
Introduction
The ability to control and measure dissolved oxygen during cell culture is advantageous in making in-vitro microfluidic cell culture systems more in-vivo-like. This is mainly due to the fact that oxygen levels in cancerous tissues differ, sometimes dramatically, from healthy counterparts [1] . Furthermore, hypoxia is associated with a higher chance of relapse, drug resistance and poor prognosis [2] . Oxygen control is not commonly used in the culture of cancer cells. Most widely used are the hypoxia chamber and biochemical methods, which allow a whole culture to be maintained in hypoxic conditions [3] . However, cancer drug trials are in majority still performed in atmospheric oxygen in traditional culture plates or wells [4] . Whether in microfluidic devices or otherwise, neglecting to control oxygen could lead to misleading drug responses. Embedding oxygen-sensing capabilities into the cell culture substrate supplies a simple and convenient method for imaging oxygen. The sensor film substrate developed in our group is a solid-state polystyrene (PS) based matrix incorporating platinum (II) octaethylporphyrin ketone (PtOEPK) as oxygen-sensitive dye [5] . Intensity-based fluorescent imaging of these films allows one to measure the oxygen tension of adherent 2D cells in real time and as a function of concentration gradients [6] . The films are easily incorporated into lab-on-a-chip (LOC) devices [6] and, among other sensing applications, can be utilised in hypoxia studies in screening hypoxia induced anti-cancer drugs. To date, only a limited number of studies have used oxygen control and sensing alongside cancer cell culture and drug testing [7, 8] . Many of these have used oxygen sensitive dyes dissolved in the cell culture media, which are then taken up by cells [3] . The effects of dye uptake on drug response, cell viability, proliferation and metabolism are unknown.
Whatever the strategy for oxygen control, strong cell-substrate adhesion is imperative. For adhesion to occur in a microchannel, a protein biofilm needs to form on the substrate surface. The proteins are drawn either from the cell culture media or by direct introduction by the user [9] . Both polydimethylsiloxane (PDMS) and PS, are commonly used as substrates for cell culture, and both are naturally hydrophobic. This hinders the formation of the biofilm needed for cell adherence. Plasma treatment of PDMS [9] and PS [10] can be used to increase the substrate hydrophilicity and provides anchors for other compounds [9] by producing free radicals or hydroxyl groups on the PDMS surface [11] , and oxidation on the PS surface [12] . However, hydrophobicity is recovered over time for both materials. Anchoring polyvinylpyrrolidone (PVP) [11] , collagen, and fibronectin [9] to plasma treated PDMS, and collagen to plasma treated PS [10] , has been shown to render the plasma treatment effects more permanent. This family of treatments also increases cell-substrate adhesion, decreases contact angle CA [9, 11] , increases surface roughness [9] , and increases cell viability and proliferation [9] . PVP/polyurethane mixtures have been used to demonstrate the increased hydrophilicity and adherence of bacteria [12] but to our knowledge, PVP has not yet been used with oxygen plasma-treated PS to improve hydrophilicity for cancer cell adhesion. Thus, this paper reports the improvement in cell adhesion of Ishikawa human endometrial cells in a LOC device with a PVP treated PS/PtOEPK oxygen sensor substrate. We report the significant reduction in CA with this treatment, its degradation with time, and the resulting improvement in cell attachment.
Experimental details

Sensor fabrication
Sensor films were manufactured as previously reported [5] . Briefly, 7% w/w PS (Sigma) was dissolved in toluene. Fluorophore PtOEPK (Frontier Scientific) was added to this at 5 mg/ml. Glass microscope slides were dehydrated in an oven at 185°C for >24 h and cleaned using oxygen plasma (K1050X, Emitech) for 10 min at 100 W. The sensor film was spin-coated by dispensing 300 μl of the solution onto each slide while spinning at 4000 rpm (WS-650, Laurell). The speed was then increased to 8000 rpm for a final thickness of 635 nm. Films were left for >24 h for the evaporation of toluene and then annealed at 100°C for 90 s.
Oxygen plasma and PVP treatment
Before use, sensor films were plasma-treated to increase cell-substrate adhesion. Surface treatment was performed by moving a handheld corona wand (BD-20A, Electro-Technic Products) across the sensor film surface at a height of approximately 2 mm. PVP solution was prepared by dissolving 2% PVP (Sigma) in DI water, and dispensing onto the sensor surface for 1 min. After attachment the surface was rinsed with DI water and air-dried.
Contact angle measurement
Contact angles were measured by imaging a DI water droplet dispensed onto the surface in profile (Contact Angle and Surface Tension Meter KSV instruments). Three films were prepared per surface type and at least five locations were measured per film. Each droplet at each location was imaged multiple times. The measurement process was repeated every 24 h for four days to assess hydrophobic recovery.
Microfluidic chip manufacture
Microfluidic chips were manufactured with standard soft lithography and replica moulding techniques [3] . Briefly, the channel geometry was drawn in L-edit (Mentor Graphics) and transferred onto chrome coated glass using a mask writer. In parallel, a silicon wafer was dehydrated at 185°C for >24 h and a 100 μm thick layer of SUEX100 (DJDevCorp) was laminated onto the wafer. The photoresist was exposed to UV light through the mask (MA-6, Suss Microtec), baked and developed to reveal the master mould. The mould was cut to size to fit in a casting station (Microfluidic Chip Shop). PDMS pre-polymer mixture (10 : 1 w/w Sylgard 184, Dow Corning) was injected into the casting station and baked on a hot plate at 80°C for 4 h. After curing the sensor substrate and PDMS chip were reassembled with a channel plate holder providing a reversible pressure seal.
Cell culture in microchannels
All reagents for cell culture were purchased from Thermofisher. Ishikawa human endometrial cancer cells were expanded in tissue culture flasks before their transfer to films. MEM supplemented with 10% foetal bovine serum, 1% penicillin/streptomycin and 1 μg/ml fungizone was used as media. Once confluent, cells were trypsinised with 1% trypsin EDTA in phosphate-buffered saline, centrifuged at 1500 rpm for 5 min and counted. A total of 10 6 cells were added to the microchannel by pipetting directly into the PDMS through the holder ports.
Image acquisition
Bright field and fluorescent images were recorded using a digital camera (ORCAFlash4.0 V2, Hamamatsu) attached to an upright microscope (ECLIPSE 80i, Nikon). PtOEPK fluorophore excitation was provided by a custom filter cube (EX575-615, DM620, EM735-785). Images were analysed using the image processing toolbox in MATLAB (V2016a, Mathworks).
Results and discussion
Contact angle
Figure 1(a) shows CA against time of native, plasma and PVP treated PS/PtOEPK films over four days whilst stored in atmosphere. Native films have an average CA of 110°, illustrating their hydrophobicity. After plasma treatment, the CA decreases to an average of 29°, a reduction of 74%. This shows the effectiveness of the plasma treatment. After PVP treatment, the CA decreases to an average of 16 o , an 86% reduction compared to native films, and a 12% reduction compared to plasma treated films. The error bars represent the homogeneity of the treatment. The hydrophobic recovery at the PS surface after plasma treatment is evident; the CA increases by 28% over four days. After four days in atmosphere, the CA of PVP treated films increases to an average of 28°, a recovery of 11%. Figure 1(b) shows the Stern-Volmer plot for native, plasma, and PVP treated PS/PtOEPK films. The decreasing gradient is an indication of the loss in sensitivity with each treatment, as is the value of I 0 /I 100 (ratio of film intensity at 0% oxygen and 100% oxygen. The native films are very sensitive compared to the literature with I 0 /I 100 = 19.1. However, even after an I 0 /I 100 reduction of 26% with plasma treatment and a further reduction of 15% with PVP treatment, I 0 /I 100 = 12.0 represents a sensitive fluorescent readout. This shows that after improving the cell attachment in a microchannel, the sensor substrate is still an effective oxygen sensor. 
Adherence and morphology
Ishikawa human endometrial cancer cell line was cultured in initial cell culture tests in 1.5 cm diameter wells and a 1000 μm wide, 100 μm high and ~4 cm long microchannel. Cells attached and spread in the wells on all native, plasma treated and PVP treated films. This may be possible in wells due to the minimal movement of fluid compared to the microchannel. Immediately after seeding in the microchannel, cells were observed on each surface type. On both native and plasma treated films, the cells did not immediately anchor to the substrate unless there was a very small passive flow. This occurs rarely because the difference in the media volumes at each in/outlet well drives passive fluid flow through the channel until equilibrium, hence more cells will be washed out of the channel and there will be less time for them to attach once equilibrium is reached. Conversely, on PVP treated films in the microchannel, as soon as cells were added they began attaching to the substrate. The larger the discrepancy between media volumes at the in/outlets, the smaller the proportion of cells that immediately attached. After 20 h in the microchannel, there were no adhered cells on the native PS/PtOEPK films; the cells do not adhere fast enough in the microchannel and were washed away when the media was exchanged. Cells attach to the plasma treated films in a microchannel only when there is minimal flow, which is difficult to avoid when filling the channel by pipette. This may cause the loss of cells due to weak cell attachment immediately after cell seeding. There are no cells seen in the microchannel on native films after 20 h, very few on plasma treated films and many attached on PVP treated films. This suggested that PVP treatment promotes cell attachment within a very short time and is strong enough to withstand a small passive flow in a microchannel. Figure 2 shows optical images of cells 0 h and 5 h after seeding in the microchannel. This shows the speed at which the cells begin to spread. Overlay in the right image shows the sensor response of the same area in false-colour fluorescence (see online version for colours)
Conclusion
We have characterised the use of PVP on an oxygen sensor film to decrease the water contact angle and promote cell adhesion in microchannels. We have shown that these treatments promote Ishikawa human endometrial cancer cell line adherence to the surface within minutes, even with a passive flow through the channel. This will make more accurate in-vivo lab-on-a-chip screening of cancer treatments possible.
